Acute respiratory tract infections (ARTI) are a significant cause of morbidity and mortality in all age groups but especially in young children, elderly subjects, and immunocompromised patients. Most of these infections are caused by influenza viruses A and B as well as the human respiratory syncytial virus (HRSV), which are associated with the most severe complications, i.e., bronchiolitis, pneumonitis, and occasionally death (3, 9, 19, 23, 24) . Besides epidemiological considerations, the interest in rapid diagnosis of these viral pathogens resides in the availability of specific antiviral therapy (10, 16, 18, 28, 32) .
Respiratory viruses have been classically identified by viral culture using a variety of permissive cell lines. However, viral culture is hampered by the need to rapidly inoculate clinical samples into multiple cell lines for optimal sensitivity. Rapid immunoenzymatic assays have been developed by many companies for detection of influenza virus A and B antigens and HRSV antigens. However, the performance of these tests is dependent on many variables, and their sensitivity has generally been lower than that of viral culture, especially for adults, because their upper respiratory tract secretions have lower viral loads than those of children (2, 5, 12, 25) .
More recently, PCR assays have been developed for many respiratory viruses, allowing detection of small amounts of viral nucleic acid in clinical samples. In the so-called "multiplex" format, PCR assays have been designed to amplify more than one respiratory viral target in the same PCR test (4, 6, 8, 15, 21) . However, most multiplex PCR assays reported to date require separate steps for the amplification and detection of viral genes, which greatly increases the assay's turnaround time and the risk of amplicon contamination. In order to overcome these limitations, we developed a real-time multiplex PCR assay for influenza viruses and HRSV that uses the meltingcurve-analysis feature of the LightCycler instrument to rapidly distinguish viral products.
MATERIALS AND METHODS
Study population and antigenic test. Nasopharyngeal aspirates (NPA) were prospectively collected during the winter of 2001 to 2002 from children aged 0 to 3 years who were hospitalized for ARTI at a single university-based hospital in Québec City, Quebec, Canada (1). The study was approved by the institutional review board of the Centre Hospitalier Universitaire de Québec. All samples were tested by the multiplex real-time PCR assay, whereas antigen detection tests were performed on a subset of samples upon request by the treating physician. An aliquot (750 l) of fresh NPA was first tested for the presence of HRSV and influenza A or B virus antigens by using the RSV TestPack (Abbott Laboratories, Abbott Park, Ill.) and the Directigen Flu AϩB test (Becton Dickinson, Sparks, Md.), respectively. The rest of the specimen was frozen at Ϫ80°C for a maximum of 3 months before nucleic acid extraction and PCR testing.
RNA extraction and cDNA synthesis. Viral RNA was extracted from 200 l of NPA samples by using the QIAamp Viral RNA Mini kit (Qiagen, Mississauga, Ontario, Canada). cDNA was then synthesized by using 10 l of the RNA preparation, 0.75 M of random hexamer primers (Amersham Pharmacia Biotech, Baie d'Urfé, Quebec, Canada), and the Omniscript Reverse Transcriptase kit (Qiagen) in the presence of 300 copies of an internal control. The internalcontrol template consisted of a 558-bp transcribed region of the herpes simplex virus type 2 DNA polymerase gene flanked by influenza B virus complementary primer sequences (see below) cloned into the pDrive plasmid (Qiagen).
Real-time multiplex and conventional PCR assays. The multiplex PCR respiratory assay was designed to amplify conserved regions of the influenza A (7) and B (14) virus matrix genes as well as the fusion gene of HRSV (17) . cDNA was amplified by a real-time PCR procedure using the LC Faststart DNA Master SYBR Green 1 kit in a LightCycler instrument (both from Roche Diagnostics, Laval, Quebec, Canada). Each reaction had a total volume of 20 l including 2 l of cDNA and 18 l of a reaction mixture containing 2.4 mM MgCl 2 , 2 l of Faststart DNA SYBR Green 1 master mix, 3% dimethyl sulfoxide, 0.3 mM influenza A and B virus primers, and 0.8 mM HRSV primers. Cycling conditions included an initial denaturation step of 10 min at 94°C, followed by 50 cycles of 15 s at 94°C, 5 s at 58°C, and 25 s at 72°C. At the end of each cycle, the fluorescent signal was measured at a wavelength of 530 nm by using the LightCycler fluorimeter. The melting-curve-analysis program of the LightCycler was used to identify specific PCR products. Briefly, following the last amplification cycle, the reaction temperature was rapidly increased to 94°C, then decreased to 60°C for 30 s, and finally slowly increased to 94°C at a rate of 0.1°C per s, with continuous fluorescence monitoring. For resolution of discrepant results between the multiplex PCR assay and antigenic tests, conventional reverse transcription-PCR (RT-PCR) assays for detection of the glycoprotein G gene of HRSV (22) and the M2 gene of influenza A viruses (13) were performed retrospectively.
RESULTS
Assay characteristics. The sensitivity of each individual realtime PCR assay and of the multiplex PCR respiratory assay was determined for each target by testing serial dilutions of transcribed plasmids containing specific viral sequences. The lower limits of detection for influenza virus A, influenza virus B, and HRSV were found to be 10, 50, and 50 copies, respectively, in individual PCR assays and 50 copies for each target (10 out of 10 times for influenza virus A and 9 out of 10 times for influenza virus B and HRSV) in the multiplex PCR test. No amplification signal was detected in the real-time multiplex assay when viral DNA or RNA from adenoviruses, rhinoviruses, enteroviruses (echo 11), parainfluenza viruses 1 to 3, human metapneumovirus, and herpesviruses (herpes simplex virus types 1 and 2, cytomegalovirus, and varicella-zoster virus) were tested. Specific melting temperatures (T m ) were first determined by testing a set of clinical isolates and vaccine strains (11 influenza virus A subtype H1, 10 influenza virus A subtype H3, 10 influenza virus B, and 17 HRSV strains) from different years ( Table 1) . A representative set of results is shown in Fig.  1 . The mean T m were 85.27 Ϯ 0.22 for influenza virus A, 83.47 Ϯ 0.46 for influenza virus B, and 79.51 Ϯ 0.30°C for HRSV, corresponding to fragments of 245, 524, and 380 bp, respectively, after gel electrophoresis (Table 1) . We found no influence of influenza A virus subtype (H1 or H3) or HRSV genotype (A or B) on T m ( Table 1 ). The addition of 300 copies of the internal control in the assay's master mix resulted in a specific amplification peak with a T m of 91°C (558 bp) in the absence of amplified viral products.
Evaluation of the multiplex PCR respiratory assay in a pediatric population. The multiplex PCR assay was evaluated by using extracted RNA from 208 NPA samples collected during a prospective pediatric study aimed at assessing the role of human metapneumovirus in hospitalized children (ages, 0 to 3 years) with ARTI (1). The numbers of samples found by multiplex PCR to be positive for influenza virus A, influenza virus B, and HRSV were 45 (21.6%), 0 (0%), and 106 (51.0%), respectively. Overall, the rate of positivity for any of the three viruses was 66. Evaluation of the multiplex PCR respiratory assay for detection of influenza A virus. Of the 208 NPA evaluated by multiplex PCR, a subset of 172 samples was also tested for the presence of influenza virus antigens by using the Directigen Flu AϩB test (Table 2) . Concordant results were obtained for 145 (84.3%) samples including 17 positive and 128 negative results by the two tests. A total of 27 (15.7%) samples showed discordant results: 25 were positive by the multiplex PCR assay only, and 2 were positive by the antigenic test only. In order to resolve the discrepant results, a second RT-PCR test targeting a conserved gene (M2) of influenza A viruses was performed as reported previously (13) . As shown in Table 2 , influenza A virus M2 sequences were detected by the conventional RT-PCR assay in 22 (81.5%) of the 27 discordant samples. By using the M2 RT-PCR assay as the reference test, the sensitivity, specificity, positive predictive value, and negative predictive value of the multiplex real-time PCR assay for influenza A virus were 100, 97.7, 92.8, and 100%, respectively, and those of the antigenic test were 43.6, 98.5, 89.5, and 85.6%, respectively. The multiplex PCR respiratory assay was positive for HRSV in 12 (44.4%) of the 27 discordant influenza A virus samples, 10 of which showed dual HRSV-influenza A virus infections (Table 3) . Mean cycle threshold (C T ) values, which are inversely correlated with the amounts of viral RNA, were 28.1 and 33.0 for PCR-positive-antigen-positive and PCR-positive-antigen-negative samples, respectively (Table 3) . These values corresponded to approximately 5,000 and 50 copies, respectively, when a specific influenza A virus plasmid was tested in the multiplex PCR assay.
Evaluation of the multiplex PCR respiratory assay for detection of HRSV. A total of 204 NPA samples could be evaluated by both the multiplex real-time PCR assay and the presence of HRSV antigens by use of the RSV TestPack (Table 4) . Concordant results were found in 172 (84.3%) samples representing 83 positive and 89 negative results by the two tests. Thirty-two (15.7%) samples had discordant results: 21 were positive by the multiplex PCR assay only, and 11 were positive by the antigenic test only. Conventional RT-PCR tests for HRSV glycoprotein G (A and B subtypes) were performed as previously described (22) to resolve discrepant results. Sequences specific for the HRSV glycoprotein G gene were detected by RT-PCR assays in 26 (81.2%) of the 32 discordant samples, including 11 subtype-A and 15 subtype-B strains (Table 5). By using the latter test as a "gold standard," the sensitivity, specificity, positive predictive value, and negative predictive value of the multiplex real-time PCR assay were 94.5, 98.9, 99.0, and 94.0%, respectively, and those of the antigenic test for HRSV were 81.6, 94.7, 94.7, and 81.8%, respectively. Four (66.7%) of the six samples for which multiplex PCR gave false-negative HRSV results were positive for influenza A virus (Table 5 ). Mean C T values of the PCR-positive-antigen-posi-tive and PCR-positive-antigen-negative samples were 28.6 and 32.7, respectively (Table 5) . These values corresponded to approximately 1,000 and 100 copies, respectively, when a specific HRSV plasmid was tested in the multiplex PCR assay.
DISCUSSION
In this report, we describe a new multiplex real-time PCR assay for the most commonly detected respiratory viral patho- gens, namely, influenza viruses (A and B) and HRSV. The key features of this novel assay include its rapidity (turnaround time, approximately 2 h 30 min, including 30 min for sample preparation, 60 min for reverse transcription, and 60 min for real-time PCR including viral identification), and its sensitivity (50 copies per assay for each viral target). Our results clearly demonstrate that our multiplex real-time PCR assay is more sensitive than commercially available antigenic detection tests for both influenza A virus and HRSV, with the greatest difference in sensitivity noted for influenza viruses. Multiplex RT-PCR assays targeting as many as nine different respiratory pathogens have been reported previously (6, 8, 12, 21, 26, 29) . More recently, a TaqMan-based real-time PCR assay for simultaneous detection of influenza A and B viruses has also been described (31) . Compared to conventional mul- tiplex PCR assays, our real-time PCR test is much more rapid because it avoids additional nested amplification and/or hybridization steps required for identification of viral products. Furthermore, the real-time amplification procedure minimizes the chances of contamination, because there is no post-PCR processing of the samples. Although our multiplex real-time PCR assay based on melting-curve analysis of amplicons does not permit absolute quantification of the viral targets as in the TaqMan PCR procedure (31) , it allows for a larger number of viral targets to be detected simultaneously, since there is no limitation related to the capability of the system to detect multiple dyes linked to detection probes with distinct emission wavelengths. Eventually, more than three viral targets could be detected simultaneously in the LightCycler assay, assuming the absence of interaction between PCR primers and a reproducible and discriminatory T m for each viral amplicon.
Evaluation of our multiplex real-time PCR assay in a pediatric population with severe ARTI clearly illustrated its clinical potential. Indeed, our assay identified a viral pathogen (influenza virus or HRSV) in two-thirds of the hospitalized children. These numbers are similar to those previously reported by our group for the same population, which were determined by use of individual real-time assays for these viral pathogens (1). Notably, we were able to show that 6% of hospitalized children had dual viral infections, a finding that has been reported, albeit at a lower frequency, by other investigators (8, 12, 21) . Rapid identification of these viral pathogens (influenza virus and HRSV) is of paramount importance for purposes of isolation in the hospital setting and early institution of specific antiviral therapy (32) . We are currently designing additional multiplex assays based on the same technology to cover the whole spectrum of respiratory pathogens including parainfluenza viruses, adenoviruses, enteroviruses, and coronaviruses (27) . To this list, we should also add the recently described human metapneumovirus, which has been reported by our group and others to be present in as many as 10% of hospitalized children with ARTI (1, 11, 20, 30) .
A specific evaluation of the real-time multiplex PCR assay for influenza virus A revealed that it was twice as sensitive as the rapid antigen detection test in use at our institution during the winter of 2001 to 2002. None of the two PCR-negative, antigen-positive samples were confirmed as positive by a second PCR targeting another conserved gene (M2) of influenza virus A, whereas most (22 of 25 [88.0%]) multiplex PCRpositive, antigen-negative samples were. In general, the falsenegative antigenic test results could be explained by small amounts of viral RNA in those NPA samples, as demonstrated by high C T values in the corresponding real-time PCR assays. Three multiplex PCR test results were not confirmed by the influenza A virus M2 PCR test and were thus considered to be false-positive results. However, since we have not formally evaluated the sensitivity of the M2 PCR test and since viral cultures were not routinely done, we cannot rule out the possibility that such discrepant results were indeed true positives. We and other investigators have shown the superiority of RT-PCR tests over conventional methods (antigenic tests and viral culture) for detecting influenza viruses in clinical samples, including those sent to the laboratory by mail (2, 4, 12, 25, 31) . It is now common procedure at our institution to confirm any negative antigenic test results for influenza A and B viruses by either viral culture or RT-PCR, considering the high specificity but relatively poor sensitivity of the former assays.
For HRSV, the multiplex real-time PCR assay was also found to be more sensitive (by approximately 15%) than the rapid antigenic test when a second RT-PCR assay for the HRSV gG gene was used to resolve discrepancies. Most of the false-negative antigenic test results could be explained by small amounts of viral RNA in the NPA samples, as shown by mean C T values of 32.7 for discordant results compared to 28.6 for concordant positive results. The specificity of the multiplex assay was excellent, with only one positive result not confirmed by the second PCR test. In contrast, the multiplex PCR assay missed six cases of HRSV which tested positive in both the antigenic test and the second PCR assay for HRSV gG. Notably, four of those six samples tested positive for influenza A virus in the multiplex PCR assay. Thus, although our multiplex PCR test has the capability of detecting dual infections (as seen in 6% of our cases), it is possible that large amounts of one virus could inhibit amplification of other pathogens. It is noteworthy that the multiplex PCR assay had the ability to amplify both HRSV genotypes, as shown by the detection of 15 B and 11 A genotypes by use of specific PCR assays aimed at detecting variable regions of the HRSV gG gene (17) . Although the rapid antigenic test performed relatively well (sensitivity, 82%; specificity, 95%) for detection of HRSV in young children, the real advantage of PCR probably lies in testing of the adult population, whose viral titers are lower and for whom antigenic tests with upper respiratory tract samples are not recommended (5) .
Some limitations of our study are worth mentioning. First, the absence of circulation of influenza B viruses during the study period prevented adequate validation of our multiplex assay for this pathogen and in particular for its ability to detect mixed (influenza B virus and HRSV) infections. Second, the performance of our multiplex PCR assay cannot be generalized to other types of samples (e.g., throat swabs and sputum) or to other populations (e.g., outpatients and adults) at the present time. Also, the absence of serological testing in our study may have underestimated the rate of viral infections, especially for those children who presented late after the onset of symptoms. Finally, although it was relatively easy to distinguish between the different viral pathogens based on their specific T m only (Table 1) , we sometimes had to confirm viral amplicons by gel electrophoresis, which increased the assay's turnaround time.
In conclusion, we have described a rapid and sensitive multiplex real-time PCR assay for detection of influenza viruses and HRSV in children's NPA samples. This new assay is as specific as, and much more sensitive than, currently available antigen detection tests; it could complement the latter in the hospital setting when there is high clinical suspicion despite negative results. Future work is needed to expand the panel of viral pathogens detected by such rapid molecular methods in order to eventually circumvent the need for viral cultures. Also, future evaluation of the multiplex PCR assay is warranted in adult populations with severe ARTI.
